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STRUCTURAL  CONSIDERATIONS  IN  DEVELOPING 
REFRACTORY  METAL  ALLOYS 

SUMMARY 


Progress  made  in  applying  advanced  techniques  and  structural  concepts  to  the 
problem  of  strengthening  the  Group  VI-A  metals,  Cr,  Mo,  and  W,  is  examined. 

At  low  temperatures,  T/Tm  <0.  2,  dislocations  and  grain  boundaries  play  an  im¬ 
portant  roie.  High  strength  values  and  the  marked  temperature  and  strain- rate  depend¬ 
ence  of  the  yield  stress  exhibited  by  the  Group  VI-A  metals  in  this  range  are  consistent 
with  the  idea  that  dislocation  movement  is  rate  controlling  and  thermally  activated. 
Dislocation-mobility  considerations  also  point  to  the  existence  of  high  stresses  in  advance 
of  a  moving  crack,  and,  consequently,  a  low  level  of  crack-propagation  resistance.  A 
second  factor  contributing  to  the  brittleness  of  the  Group  VI-A  metals  is  grain- boundary 
weakness  caused  by  interstitial- atom  impurities.  Studies  of  rhenium  additions  to  the 
Group  VI-A  metals  suggest  that  the  brittleness  tendency  can  be  inhibited  by  alloying. 

The  origin  of  this  effect  has  not  been  decided.  There  is  evidence  that  alloying  with 
rhenium  influences  dissolved  interstitial  atoms,  changes  the  morphology  of  dislocations 
and  grain- boundary  oxides,  promotes  twinning,  and  affects  the  density  of  states  at  the 
Fermi  level.  These  concepts,  it  is  noted,  provide  a  useful  rationale  of  mechanical 
strength  but  have  thus  far  yielded  little  in  the  way  of  practical  alloys. 

At  intermediate  temperatures,  0.  2  <  T/Tm  <0.  4,  dislocation-interstitial  atom  im¬ 
purity  interactions  contribute  to  strengthening.  A  number  of  mechanisms  are  possible, 
and  these  may  have  practical  implications. 

At  high  temperatures,  T/Tm  >0.  4,  stable  dispersions  of  fine  particles  are  potent 
strengtheners  of  the  Group  VI-A.  Small  nonmetallic  additions,  i.  e.  ,  dope,  acting  in 
solution  or  possibly  at  the  grain  boundaries  may  also  contribute  to  the  stability  of  non¬ 
sag  tungsten  filaments.  Applied  research  ir  these  areas  is  exploiting  elect  m-'  ’•e 
scopy  and  other  advanced  methods,  but  is  proceeding  with  little  regard  for  mechanistic 
concepts  of  the  underlying  defect  structure. 
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INTRODUCTION 


Research  in  support  of  the  development  of  a  new  material  traditionally  follows  the 
empirical  approach.  Composition  and  processing,  to  the  extent  that  these  can  be  con¬ 
trolled,  are  correlated  with  structure  and  the  properties  of  interest.  In  the  past,  such 
features  of  the  structure  as  the  crystal  type,  the  lattice  parameter,  the  grain  size,  the 
phase  distribution,  and  the  degree  of  cold  work  and  anisotropy  have  been  studied.  These 
"classical"  concepts  of  structure  provide  the  base  for  the  existing  technology  of  the 
Group  VI-A  metals  and  their  alloys  now  in  use. 

With  the  advent  of  electron  microscopy  and  other  new  research  tools,  various 
features  of  the  structure  on  the  atomistic  scale  have  recently  become  accessible.  Prog¬ 
ress  in  characterizing  the  nature  of  the  electronic  bonding  is  also  being  made.  As  a  re¬ 
sult,  correlations  with  mechanical  strength  involving  dislocations,  cell  structure, 
stacking  faults,  vacancies,  and  the  character  of  the  electronic  bonding  are  actively  be¬ 
ing  sought.  The  impact  of  advance  structural  concepts  has  been  felt  mainly  by  the  basic 
research  community;  the  technology  of  the  Group  VI-A  metals  so  far  seems  to  have 
benefited  little.  Today  the  practical  metallurgist  finds  it  difficult  to  cite  a  stronger 
Group  VI-A  alloy  or  heat-treated  condition  that  was  inspired  by  new  knowledge  of  defect 
interactions  or  the  electron  bonding.  There  is  growing  awareness  on  both  sides  that  a 
closer  coupling  of  research  and  development  efforts  is  desirable.  Certainly,  the  rate 
of  progress  to  be  derived  for  the  Group  VI-A  metals  from  consideration  of  the  classi¬ 
cal  structure  is  likely  to  be  much  slower  in  the  future.  Therefore,  it  seems  an  appro¬ 
priate  time  to  consider  the  insights  advanced  concepts  offer  the  technologist,  as  well  as 
important  practical  problems  that  remain  unresolved. 

This  report  examines  progress  made  in  applying  advanced  techniques  and  struc¬ 
tural  concepts  to  the  problem  of  strengthening  the  Group  VI-A  metals.  It  was  prepared 
in  recognition  of  the  role  that  basic  research  is  playing  in  the  development  of  materials 
within  the  DMIC  scope.  It  was  presented,  ;  'ong  with  similar  analyses,  at  a  conference 
held  by  the  National  Physical  Laboratory  in  Teddingtrn,  England.  Since  there  is  no 
basic  difference  between  the  mechanical  behavior  of  molybdenum,  chromium,  and  tung¬ 
sten,  they  are  discussed  together.  Three  temperature  ranges  are  considered.  ^  At 
low  temperatures,  T/Tm  <  0.  2 **,  dislocations  and  grain  boundaries  play  an  important 
role  in  determining  mechanical  strength.  At  intermediate  temperatures,  0.  2  <  T/Tm  < 
0.4,  dislocation-impurity  atom  interactions  contribute  to  strength.  Finally,  at  the 
higher  temperatures,  T/Tm  >  0.4,  stable  dispersions  of  fine  particles  exert  a  potent 
strengthening  effect. 


•References  are  given  on  page  27. 
**Tm  is  she  melting  point. 
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LOW- TEMPERATURE  STRENGTH 


Remittance  to  Flow 


The  low-temperature  strength  of  the  Group  VI-A  metals  is  important  mainly  be¬ 
cause  of  the  attending  brittleness  problem.  As  shown  in  Figure  1,  the  mechanical 
properties  of  unalloyed  chromium,  molybdenum,  and  tungsten  bear  a  striking  resem¬ 
blance  in  the  region  T/Tm  <  0.  2.  The  yield  strength  is  strongly  temperature  dependent 
in  this  range,  and  all  three  metals  display  brittle  behavior  at  the  lowest  tempera¬ 
tures.  3,  4)  Conrad  and  Hayes(5,  °)  associate  the  strong  temperature  dependence  of 
the  yield  and  flow  strength  of  the  Group  VI-A  metals  with  the  process  governing  dis¬ 
location  mobility,  and  treat  this  as  a  single,  thermally  activated  process.  Accordingly, 
the  rate  of  dislocation  movement  at  yielding  is  determined  by:  ( 1)  the  work  of  the  ef¬ 
fective  shear  stress  T*  (the  difference  between  the  applied  stress  T  and  the  long-range 
internal  stress  which  is  proportional  to  the  shear  modulus)  and  (2)  the  intensity  of 
thermal  fluctuations.  Figure  2  shows  that  the  temperature  dependence  of  the  effective 
shear  stress  plotted  against  the  relative  temperature  parameter  T-T0/Tm  (T0  is  the 
temperature  at  which  T  becomes  equal  to  T^. )  is  essentially  the  same  for  the  Group 
VI-A  metals.  The  activation  energies  for  movement  calculated  in  this  way  are  inde¬ 
pendent  of  structure  and  purity,  and,  as  illustrated  in  Figure  3,  correlate  with  the 
shear  modulus.  These  results  support  the  idea  that  the  process  governing  flow  is 
the  same  in  all  three  cases.  Conrad  and  Hayes  believe  that  the  Peierls-Nabarro  stress 
is  the  rate- controlling  mechanism.  However,  other  mechanisms  such  as  the  formation 
of  vacancies  at  nonconservative  jogs  or  cross  slip  cannot  be  ruled  out.  The  important 
point  is  that  the  characteristic  temperature  dependence  seems  to  be  an  intrinsic  property 
of  the  Group  VI-A  metals. 

Dislocation  mobility  has  actually  been  measured  in  tungsten  crystals  by  Schadler 
and  Low(7).  Their  results,  reproduced  in  Figure  4,  tend  to  confirm  the  idea  that  the 
resistance  to  dislocation  movement  is  enhanced  at  low  temperatures.  However,  since 
the  dislocation  velocity  at  the  yield  stress  is  not  the  same  at  room  temperature  and 
77  K,  it  must  be  concluded  that  the  number  of  dislocations  participating  in  flow,  the 
process  of  nucleation,  unpinning  or  multiplication,  is  also  temperature  dependent. 

The  measured  stress  dependence  of  dislocation  velocity  in  tungsten  (see  Figure  4) 

«•  t  m  — 

is  of  the  form  v  *  (  — )  ,  where  v  is  the  average  velocity,  T  the  applied  shear  stress, 

*  o 

t0  the  stress  corresponding  to  unit  velocity,  and  m,  an  empirical  parameter  describing 
the  stress  dependence.  Values  of  m  for  the  group  VI-A  and  other  metals  are  summa¬ 
rized  in  Table  1.  The  fact  that  the  Group  VI-A  metals  are  characterized  by  relatively 
small  m  values  has  several  important  implications: 

(1)  Yield  Points.  According  to  the  dislocation  dynamics  treatments  of 
yielding^1*  12),  metals  exhibiting  small  m  values,  e.g.  ,  m  <  20,  will 
display  a  large  abrupt  yield  drop  when  the  initial  density  of  mobile 
dislocations  is  small,  e.g.  ,  103-10*  cm/cm3  or  less.  In  the  case  of 
Group  VI-A  grown-in  dislocations  can  be  strongly  pinned  by  impurity 
atmospheres  or  precipitates.  This  is  illustrated  in  Figure  5a.  Thus 
these  metals  frequently  exhibit  pronounced  yield  drops.  On  the  other 


FIGURE  1.  STRENGTH  PROPERTIES  OF  THE  GROUP  VI-A  METALS(2>3>4) 
PLOTTED  AS  A  FUNCTION  OF  HOMOLOGOUS  TEST 
TEMPERATURE 
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FIGURE  3.  CORRELATION  AMONG  CALCULATED  ACTIVATION  ENERGY 
VALUES  FOR  YIELDING  AND  THE  SHEAR  MODULUS 
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hand,  Figure  5b  illustrates  that  precipitate  particles  in  the  Group  VI-A 
metals  also  are  sites  where  free  dislocation  can  be  generated  easily. 
Probably,  for  this  reason,  yield  points  are  sometimes  not  observed 
even  when  the  grown- in  dislocations  are  locked. 

(Z)  Strain-Rate  Sensitivity.  The  dislocation  dynamics  treatment  also 
shows  that  m  is  closely  related  to  the  strain- rate  dependence  of  the 
yield  and  flow  stress.  (1)  Thus,  the  Group  VI-A  metals,  which  have 
relatively  small  m  values,  are  unusually  strain-rate  sensitive.  At 
ordinary  temperatures,  the  high  rates  of  deformation  encountered  in 
forming  operations  thus  lead  to  high  stresses  and  promote  brittle 
behavior. 


TABLE  1.  VALUES  OF  THE  DISLOCATION  VELOCITY  PARAMETER,  m, 
FOR  DIFFERENT  MATERIALS^) 


Material 

m 

Reference 

Si (600  -  900  C) 

1.4 

8 

Ge  (420  -  700  C) 

1.4-1. 9 

8 

Cr 

-7(b) 

9 

Mo 

~8(t>) 

9 

W 

5 

7 

LiF 

14.5 

12 

Fe-3.25  Si 

35 

10 

Cu 

~200(b) 

11 

Ag 

~300(b) 

11 

(a)  At  toom  temperature  unless  otherwise  noted. 

(b)  Estimated  from  the  strain-rate  dependence  of  yield  stress. 


Resistance  to  Fracture 


Hahn,  Gilbert,  and  Reid^1^)  have  recently  gone  one  step  further  in  this  direction. 
Using  the  simple  model  of  a  crack  illustrated  in  Figure  6  and  the  dislocation  dynamics 
treatment  of  yielding,  they  have  calculated  the  stresses  and  extent  of  yielding  in  ad¬ 
vance  of  a  moving  crack.  Results  of  these  calculations,  summarized  in  Figure  7,  show 
that  for  m  values  characteristic  of  Group  VI-A,  e.g.  ,  m  •  5,  stresses  of  the  order  of 
the  theoretical  strength  are  generated  at  the  tip  of  fast-moving  cracks.  *  Thus  the  pro¬ 
pensity  for  cleavage  also  seems  to  be  an  intrinsic  feature  of  the  Group  VI-A  metals. 

The  low- temperature  brittleness  tendency  of  the  Group  VI-A  metals  is  accentuated 
by  weak  grain  boundaries.  Fractographic  studies  of  brittle  samples  invariably  reveal  a 
grain- boundary  rupture  at  the  fracture  origin(14>  15>  l6),  as  illustrated  in  Figure  8. 
Such  a  rupture  is  believed  to  be  the  source  of  a  fast-moving  crack  capable  of  penetrating 
adjoining  grains  by  transcrystalline  cleavage. 


•The  calculation!  illuauated  are  baaed  on  an  auumed  rate  of  dislocation  multiplication  C  ■  109  cm  per  cm3  per  per  cent 
strain  and  an  initial  density  of  mobile  dislocations  p0  *  10^  cm  per  cm®. 
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FIGURE  6.  MODEL  OF  A  PARTIALLY  RELAXED  CRACK  AFTER  HAHN, 
GILBERT,  AND  REIDU3) 

It  is  assumed  that  (1)  the  plaatic  zone  (shaded)  is  circular, 

(2)  the  elastic-plastic  boundary  corresponds  to  a  strain  of 
0.  1  per  cent,  (3)  stresses  within  the  zone  are  substantially 
relaxed,  and  (4)  a  plane  stress  condition  prevails.  The 
crack-plastic  zone  complex  (dashed  lines)  can  then  be 
treated  as  an  elliptical  hole. 
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Relative  Crack  Velocity,  units  of  crack  length  per  second 

FIGURE  7.  CALCULATED  VALUES  OF  STRESS  AND  PLASTIC  ZONE  SIZE 
AHEAD  OF  A  MOVING  CRACK,  AFTER  HAHN,  GILBERT  AND 
reidO3) 

The  relative  plastic  zone  size,  (top  diagram)  and  the 
maximum  tensile  stress,  a*,  and  stress  concentration, 
a*,  (bottom  diagram)  are  plotted  as  a  function  of  crack 
velocity  for  various  values  of  the  parameter  m. 


2000X 


a.  Chromium 


750X  b.  Molybdenum 


FIGURE  8. 


1000X  c.  Tungsten 


FRACTOGRAPHS  SHOWING  EXAMPLES  OF  GRAIN-BOUNDARY  RUPTURES 
AT  THE  ORIGIN  OF  BRITTLE  CLEAVAGE  FRACTURES  OF  CHROMIUM*14), 
MOLYBDENUM*15),  AND  TUNGSTEN*16)  TEST  BARS 


14 


The  grain- boundary  weakness  is  related  to  the  low  solubility  for  interstitials  dis¬ 
played  by  chromium,  molybdenum,  and  tungsten,  and  the  tendency  for  these  atoms  to 
segregate  and  precipitate  at  the  grain  boundaries.  Furthermore,  the  high  surface  tension 
of  the  Group  Vl-A  metals  promotes  wetting  of  insoluble  interstitial  phases  and  thus  en¬ 
hances  the  embrittling  effect  of  the  interstitial  impurities.  In  the  absence  of  grain  bound¬ 
aries,  single  crystals  are  ductile  to  much  lower  temperatures  and  only  become  brittle 
with  the  onset  of  deformation  twinning.  A  high  degree  of  purification  can  also  restore 
ductility.  This  has  recently  been  demonstrated  by  Lawley,  Van  der  Sype,  and  MaddinO?) 
who  show  that  multiple- zone-passed  molybdenum  is  ductile  at  4  K  even  after  it  is  re¬ 
crystallized.  However,  neither  single  crystals  nor  purification  are  practical  answers. 

Severe  working  to  break  down  the  grain-boundary  structure  improves  ductility,  but 
this  cannot  always  be  accomplished,  because  the  grain- boundary  weakness  and  inter¬ 
granular  cracking  are  encountered  over  the  entire  temperature  range  to  the  melting 
point.  Hot  brittleness  was  solved  for  tungsten  and  molybdenum  some  50  years  ago  by 
Fink(18)  working  at  the  General  Electric  Company.  He  did  this  by  consolidating  pure 
tungsten  powder  at  high  temperatures  achieved  by  internal- resistance  heating  and  then 
swaging  (to  avoid  secondary  tensile  cracking)  at  progressively  lower  temperatures  (to 
avoid  recrystallization). 

The  technological  requirement  for  larger  ingots  has  led  to  consolidation  by  arc 
melting.  Ingots  prepared  in  this  way  have  a  characteristic  large-grained  columnar 
structure.  This  is  comprised  of  long  crystal  fingers,  extending  radially  upward  from  a 
centrally  equiaxed  core,  a  structure  not  unlike  that  of  chill  castings.  The  hot  working  of 
such  large-grained  ingots  is  much  more  difficult  than  that  of  the  fine-grained  sintered 
powder  ingots,  and  they  are  susceptible  to  intergranular  cracking  during  the  breakdown 
forging.  In  the  case  of  molybdenum,  the  cracking  was  combatted  by  deoxidation  with 
carbon.  In  this  way  deleterious  patches  of  M0-M0O2  eutectic  at  the  grain  boundaries  are 
replaced  by  more  desirable  non-wetting  M02C  carbide  platelets.  Structural  molybdenum 
alloys  are  even  more  difficult  to  hot  forge,  and  a  process  was  developed  for  breaking  up 
the  coarse,  as-cast  structure  by  extrusion,  a  deformation  process  in  which  secondary 
tensile  cracking  is  controlled  by  lateral  support  of  the  extrusion  die  walls.  However,  in 
some  of  the  newer  high-strength  alloys  severe  cracking  is  now  being  encountered  after 
ingot  solidification  and  cooling  before  this  condition  can  be  relieved  by  hot  working. 

To  summarize,  the  brittleness  of  the  Group  VI-A  metals  has  as  its  origin  the  in¬ 
trinsic  low  mobility  of  the  dislocations  and  the  weakness  of  the  grain  boundaries.  Both 
of  these  factors  deserve  more  attention.  A  better  understanding  of  the  structure  of  grain 
boundaries,  their  binding  energies,  and  the  separate  effects  of  segregates  and  precipi¬ 
tates  might  provide  better  answers  to  the  grain- boundary  cracking  problem  than  the  me¬ 
chanical  solutions  currently  employed.  Studies  of  rhenium  additions  described  in  the 
next  section  offer  some  hope  that  the  brittleness  tendency  can  be  inhibited  by  alloying. 


The  Rhenium  Alloying  Effect 

In  1955  Geach  and  Hughes(^)  reported  the  discovery  that  both  the  workability  and 
low-temperature  ductility  of  molybdenum  and  tungsten  are  greatly  improved  by  replacing 
about  one-third  of  the  Group  VI-A  metal  atoms  by  rhenium.  This  effect  has  since  been 
demonstrated  for  chromium'20';  typical  results  for  the  Group  VI-A  metals  are  illustrated 
in  Figure  9.  More  recently,  results  of  Pugh,  Amra,  and  Hurd^),  summarized  in 
Figure  10,  have  brought  to  light  that  smaller  rhenium  additions  in  the  range  1-5  per  cent 
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FIGURE  9.  EFFECT  OF  HIGH  RHENIUM  ADDITIONS  (ATOMIC  PER  CENT)  ON  DUCTILE- 
BRITTLE  TRANSITION  IN  CHROMIUM^)  MOLYBDENUM(21  >  22>  AND 
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accomplish  a  large  improvement  both  in  the  room-temperature  ductility  and  high- 
temperature  strength  of  tungsten  wire  which  is  "doped"  to  recrystallize  with  the  large¬ 
grained  elongated  non- sag  structure. 

There  is  evidence  that  rhenium  influences  dissolved  interstitial  atoms  as  well  as 
the  properties  of  the  grain  boundary  and  the  lattice ,  but  the  origin  of  the  ductilizing  ef¬ 
fect  remains  elusive.  Small  additions  of  rhenium  tend  to  decrease  hardness,  with  a 
minimum  occurring  at  about  5  atomic  per  cent.  This  effect,  illustrated  in  Figure  11, 
has  been  interpreted  as  a  reduction  in  interstitial  solubility  similar  to  the  effect  of 
Group  VI-A,  VU-A,  and  VIII-A  additions  on  oxygen  solubility  in  columbium(25).  Since 
hardness  minima  produced  by  Group  IV-A,  V-A,  and  VI-A  additions  are  also  observed 
(see  Figure  11),  the  reduction  in  interstitial  solubility  may  not  be  a  factor  in  the  ducti¬ 
lizing  mechanism.  Higher  rhenium  contents  up  to  20  atomic  per  cent  strengthen  the 
Group  VI-A  metals  markedly  at  low  temperatures.  Beyond  20  per  cent  to  the  solubility 
limit  (30-40  atomic  per  cent) ,  strength  remains  relatively  unchanged.  In  this  range  en¬ 
hanced  ductility  is  accompanied  by  increasing  amounts  of  mechanical  twinning.  It  has 
been  suggested  that  twinning  is  a  result  of  a  decrease  in  the  stacking-fault  energy.  As 
shown  in  Figure  12,  dislocation  segments  in  a  Mo-35Re  alloy  are  straighter  and  do  appear 
to  be  confined  to  individual  slip  planes,  but  stacking  faults  from  extended  dislocations  so 
far  have  not  been  observed.  Fractographic  studies  reveal  that  fracture  of  rhenium  alloys 
is  predominantly  intergranular  and  suggest  that  crack  propagation  by  cleavage  is  more 
difficult.  The  alternative  of  twinning  may  offer  these  alloys  a  more  responsive  mecha¬ 
nism  of  stress  relaxation,  but  the  fact  that  the  twins  themselves  do  not  produce  cracks 
suggests  that  dislocation  mobility  is  also  affected.  Another  effect  of  rhenium,  noted  by 
Jaffee  and  co-workeri(2^) ,  is  the  reduced  wetting  of  grain  boundaries  by  oxide  phases. 
This  indicates  a  lowering  of  the  grain- boundary  energy,  along  with  the  postulated  de¬ 
crease  in  twin- boundary  and  stacking-fault  energy. 

There  is  evidence  that  the  rhenium- alloying  effect  is  associated  with  an  increased 
electron-to-atom  ratio.  If  the  bondi~.g  electrons  in  the  Group  VI-A  metals  are  taken  as 
6  (a  and  d)  electrons,  the  alloys  showing  maximum  ductility  and  maximum  twinning  have 
6.  4  electrons  per  atom.  Addition  of  all  other  transition  metals  from  Groups  VII-A  and 
VIII-A,  B,  and  C,  which  possess  seven  to  ten  (s  and  d)  electrons  in  bonding  orbitals, 
also  produce  increased  mechanical  twinning  and  a  minimum  in  hardness.  There  are 
12  such  elements  and  36  alloying  systems  which  involve  this  behavior  with  the  Group 
VI-A  metals.  In  the  range  6  to  6.  4  electrons  per  atom,  the  electronic  structure  under¬ 
goes  important  changes.  The  electronic  specific  heat  rises  to  a  peak  as  illustrated  in 
Figure  13.  The  critical  temperatures  for  superconductivity  also  exhibit  maxima  at 
about  the  same  electron-to-atom  ratio.  In  both  cases,  this  is  associated  with  a  peak  in 
the  density  of  states  at  the  Fermi  level.  The  increased  tendency  for  twinning  and  the 
density  of  states  may  also  be  connected.  Effects  of  rhenium  thus  have  important  prac¬ 
tical  and  theoretical  implications.  Efforts  are  being  made  at  Battelle  to  reproduce  the 
beneficial  effects  of  rhenium  with  more  abundant  alloying  constituents.  Further  experi¬ 
mentation  in  this  area  also  may  provide  insight  into  the  role  of  the  electronic  bond  in 
mechanical  behavior. 
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FIGURE  II.  INFLUENCE  OF  ALLOYING  WITH  GROUP  IV-A,  V-A, 

VII- A  AND  VIII- A  METAL  ADDITIONS  ON  THE  HARDNESS 
OF  CHROMIUM,  MOLYBDENUM  AND  TUNGSTEN  AFTER 
ALLEN  AND  JAFFEE*24).  ALLOY  CONTENT  IS  DE¬ 
SCRIBED  IN  TERMS  OF  THE  AVERAGE  GROUP  NUMBER 
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FIGURE  13.  ELECTRONIC  SPECFIC  HEAT  OF  SOME  FIRST  LONG-PERIOD 
BCC  ALLOYS  (Ti-V,  V-Cr,  Cr-Fe,  AND  Fe-Co) 
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INTERMEDIATE  TEMPERATURES 


The  source  of  the  strength  of  the  Group  VI-A  metals  at  Intermediate  temperatures, 
0.  2  <  T/Tm  <  0.4,  has  not  been  of  practical  interest.  In  this  range  adequate  strength 
is  obtained  from  alloying  and  processing  designed  to  confer  needed  strength  at  the 
highest  temperatures.  However  this  region  has  received  some  attention,  and  features 
of  strengthening  peculiar  to  the  unalloyed  metals  may  have  practical  value. 

As  shown  in  Figure  14,  temperature  intervals  are  observed  in  this  range  within 
which  the  yield  and  flow  strength  is  markedly  enhanced.  The  regions  of  peak  strength, 
which  may  overlap,  are  accompanied  by: 

(1)  Diminished  strain-rate  sensitivity, 

(2)  Increases  in  the  rate  of  work  hardening,  and  frequently  by 

(3)  Some  loss  in  ductility. 

Such  peaks  are  also  displayed  by  iron  and  the  metals  of  Group  V-A,  and  it  is  likely  that 
similar  mechanisms  are  at  play.  Several  explanations  involving  dislocation-interstitial 
atom  interactions  have  been  advanced.  Originally  the  strength  increase  was  attributed 
to  strain- induced  precipitation,  a  strain-aging  process  occurring  simultaneously  with 
deformation.  Cottrell(35)  suggested  that  interstitial  atoms  are  sufficiently  mobile  at 
these  temperatures  to  form  atmospheres  about  moving  dislocations,  thus  acting  as  a 
drag.  More  recently  Schoeck  and  Seeger(36)  have  proposed  stress-induced  ordering  of 
interstitials  (the  Snoek  effect)  in  the  strain  field  of  the  moving  dislocation  as  the  source 
of  the  drag.  According  to  these  theories,  the  strengthening  will  be  confined  to  a  narrow 
temperature  range  determined  by  the  mobility  of  the  interstitial  atom.  Since  these 
mechanisms  can  apply  to  different  interstitial  species  present,  and  also  to  interstitial 
atom-vacancy  or  interstitial- substitutional  impurity  complexes,  they  are  consistent  with 
the  multiplicity  of  strength  peaks  observed.  Schnitzel(34)  ^as  recently  correlated  two 
Snoek  internal-friction  peaks  observed  in  tungsten  with  the  475  and  750  C  strength  peak 
displayed  by  this  material  (see  Figure  14).  This  work  lends  weight  to  the  Schoeck  and 
Seeger  argument,  but  does  not  rule  out  the  other  mechanisms. 

The  results  of  Chang(37),  reproduced  in  Figure  15,  suggest  this  family  of 
strengthening  phenomena  can  have  practical  implications.  The  results  for  the  commer¬ 
cial  molybdenum  Mo-TZC  alloy  in  an  annealed  condition  display  an  analogous  strength 
peak  in  the  vicinity  of  2400  F  (1300  C).  Thus  it  may  be  possible  to  exploit  dislocation 
interactions  of  this  type  at  the  highest  temperatures.  These  phenomena  can  also  be 
useful  for  studying  indirectly  the  mobility  of  interstitial  atoms,  the  velocity  of  disloca¬ 
tions,  and  the  strength  of  interstitial- substitutional  atom  interactions  in  solid  solution. 


HIGH- TEMPERATURE  STRENGTH 


Of  the  considerable  effort  to  develop  Group  VI-A  alloys  with  superior  strength  at 
high  temperatures,  T /Tm  >  0.  4,  which  are  not  brittle  and  can  be  processed  similar  to 
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FIGURE  15.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  NON-WORKED  Mo-TZC  ALLOY  AFTER  CHANGE*37) 
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the  unalloyed  metals,  the  strengthening  afforded  by  fine-particle  dispersion*  has  proven 
most  successful.  In  the  case  of  molybdenum,  the  development  can  be  traced  to  alloy 
studies  at  The  Climax  Molybdenum  Company,  described  by  Semchyshen^®) .  This  work 
demonstrated  potent  strengthening  effects  for  0.  1-1.0  per  cent  additions  of  reactive  me¬ 
tals  like  titanium  and  zirconium.  The  reason  for  the  effectiveness  of  such  small  concen¬ 
trations  was  not  understood  until  it  was  discovered  the  optimum  amount  of  titanium  cor¬ 
responded  with  a  critical  ratio  of  titanium  to  the  residual  carbon  content  left  after 
deoxidation.  When  the  carbon  content  was  increased,  maximum  strengthening  was  found 
at  higher  titanium  contents;  thus  the  strengthening  could  be  attributed  to  fine  submicro- 
scopic  titanium  carbide  particles,  rather  than  a  solid- solution  effect. 

Further  progress  along  these  lines  has  been  made  by  Chang(37 ,  39) ,  who  has  made 
extensive  studies  of  the  structure  and  properties  of  molybdenum  alloys  containing  ti¬ 
tanium,  zirconium,  and  carbon.  By  use  of  both  electron-microscopy  and  X-ray  tech¬ 
niques  the  stability  ranges  of  the  various  carbides,  shown  in  Figure  16,  were  delineated 
and  the  precipitation  of  TiC  identified  as  the  principal  hardening  reaction.  By  employing 
proper  solution  and  aging  treatments  followed  by  warm  working,  fine  dispersions  ex¬ 
hibiting  high  strength  and  room-temperature  ductility  have  been  developed.  As  an  illus¬ 
tration,  strength  properties  of  the  molybdenum -TZC  alloy  shown  in  Figure  15  may  be 
compared  with  those  of  the  unalloyed  material  (see  Figure  13b).  Recent  work  has  also 
shown  that  these  same  alloys,  when  produced  by  powder-metallurgy  techniques,  can 
attain  the  same  high  strength  level  possible  in  the  melted  alloys.  The  reaction  between 
the  reactive  metal  addition  and  the  adsorbed  oxygen  on  the  surface  of  the  metal  powder 
must  be  avoided  during  processing,  and  solution  treatment  and  aging  to  precipitate  the 
fine  carbide  is  necessary.  Thus,  early  speculation  that  the  exceptional  high-temperature 
strength  of  the  arc-cast  molybdenum-base  alloy  was  the  result  of  a  submicroscopic, 
coherent  carbide  precipitated  at  high  temperature  during  the  solidification  process,  has 
been  proven  to  be  incorrect.  Rather  classical  precipitation-hardening  processes  prevail 
for  both  arc- cast  and  powder-metallurgy  alloys. 

If  insoluble  dispersions  are  distinguished  from  precipitates  from  solid  solution,  it 
appears  that  only  the  oxides  are  stable  in  Group  VI-A  metals.  Early  work  on  oxide  dis¬ 
persions  in  powder-metallurgy  molybdenum  by  Jaffee  and  co-workers^4®)  indicated  that 
improvement  in  the  high-temperature  strength  could  be  achieved  by  a  fine,  stable  dis¬ 
persion  of  the  oxides  of  the  reactive  metals  titanium  and  zirconium  in  approximately  the 
same  metallic  concentrations  as  are  effective  in  the  arc-melted  alloys  described  by 
Semchyshen.  However,  the  magnitude  of  the  increase  in  elevated-temperature  strength 
with  the  oxides  is  less  than  that  developed  by  carbide  precipitateo. 

The  development  of  precipitation- hardened,  tungsten-base  alloys  has  not  followed 
the  molybdenum  history,  chiefly  because  of  different  requirements.  The  dispersed  phase 
commonly  used  in  tungsten  is  thorium  oxide,  which  thermodynamically  is  the  most  stable 
oxide.  Thoria  increases  electron  emission  of  tungsten  and  reduces  grain  growth. 
Thoriated  tungsten  wire  is  a  common  product  in  the  lamp  industry,  but  only  recently  has 
it  been  produced  in  other  forms.  Up  to  8  volume  per  cent  Th02  will  reduce  the  ductile- 
to-brittle  transition  temperature  to  about  the  same  or  somewhat  greater  extent  than 
would  be  expected  from  the  reduced  grain  size(4l).  Thoria  also  increases  the  elevated- 
temperature  strengthf4^). 
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Improvement  in  high-temperature  properties  of  materials,  through  dispersion  of  a 
second  phase,  has  been  the  subject  of  considerable  research,  and  a  number  of  models 
based  on  dislocation  interactions  have  been  proposed(43).  However,  the  development  of 
precipitation-hardened  and  dispersion-hardened  Group  VI-A  alloys  has  not  benefited  from 
the  theoretical  treatments.  The  qualitative  principles  laid  down  by  Jeffries  forty  years 
ago,  with  minor  modification,  still  guide  the  development  of  dispersed-phase  strength¬ 
ened  Group  VI-A  materials.  These  are:  the  dispersed  particles  should  be  as  fine  as 
possible,  with  minimum  mean  free  matrix  path,  possess  high  chemical  and  size  stability, 
with  minimum  solubility  in  the  matrix,  and  high  modulus  of  elasticity.  Basic  questions 
involving  the  bonding  (coherency)  between  the  dispersed  phase  and  the  matrix,  inter¬ 
facial  energy,  interaction  between  dislocations  and  the  dispersed  phases,  etc.  ,  have  not 
yet  been  treated  nor  applied  to  the  high-temperature  Group  VNA  development  effect. 

The  development  of  non- sag  tungsten  filaments  is  an  example  of  the  strengthening 
that  has  been  achieved  at  the  highest  temperatures.  Tungsten  wire  with  a  very  stable 
large-grained,  elongated  structure  was  discovered  accidentally  when  tungstic  oxide  was 
heated  in  Battersea  crucibles,  and  picked  up  approximately  0.  1%  AI2O3  and  SiC>2.  After 
processing  to  tungsten  wire  and  recrystallizing  at  high  temperature,  the  stable  elongated¬ 
grained  structure  was  developed.  This,  the  Battersea  process,  has  led  to  more  direct 
methods  of  adding  the  nonmetallic  addition  known  as  "dope".  The  dope  generally  is  a 
potassium- aluminum  silicate  addition  and  is  added  to  the  tungstic  oxide  or  ammonium 
para-tungstate  before  reduction.  Most  of  the  addition  evaporates  during  processing;  a 
small  amount  remains  as  an  insoluble  inclusion,  and  a  still  smaller  amount  is  believed 
to  dissolve  in  the  metal.  The  mechanism  involved  in  developing  the  non-sag  structure  is 
still  uncertain.  There  are  two  main  viewpoints.  One  theory  proffered  by  Milner(44)  and 
Mannerkoski(45)  argues  that  the  chief  role  played  by  the  dope  results  from  the  minute 
amount  of  solute  in  solid  solution,  which  acts  as  Cottrell  drag  atmospheres  on  the  dis¬ 
locations.  Mannerkoski  proposes  that  the  movement  of  screw  dislocations  during  anneal¬ 
ing  occurs  along  the  wire  direction,  whereas  the  edge  dislocations  move  perpendicular  to 
the  wire  axis.  The  atmospheres  are  thought  to  be  unable  to  move  with  the  screw  disloca¬ 
tions,  while  they  move  with  and  drag  the  edges.  Thus,  grain-boundary  motion  is  not  im¬ 
peded  in  the  wire  axis,  and  a  large,  elongated,  recrystallized  grain  size  results.  The 
alternative  viewpoint  on  non- sag  tungsten  is  that  of  Reick(46) ,  who  proposed  a  "damaged 
dope  skin"  around  the  grain  boundaries,  which  are  fibered  in  the  working  process.  Dur¬ 
ing  recrystallization,  two  preferred  orientations  result,  [531]  and  [110],  The  [531] 
oriented  grains  apparently  can  penetrate  the  damaged  areas  in  the  dope  skin,  while  the 
[110]  oriented  grains  cannot.  Elongated  grains  with  a  [  531]  wire  texture  result.  At  this 
stage,  these  mechanisms  are  proposed  without  sufficient  experimental  evidence  to  permit 
a  choice. 


CONCLUDING  REMARKS 


The  Group  VI-A  metals  and  alloys  now  in  use  owe  their  development  to  classical 
concepts  of  structure.  The  conclusion  to  be  drawn  from  this  review  is  that  the  more  ad¬ 
vanced  concepts  of  structure  are  not  yet  being  exploited.  To  be  sure,  such  work  as  the 
studies  of  dislocations  has  been  very  useful  in  rationalizing  the  source  of  strength  and 
brittleness  of  the  Group  VI-A  metals  at  low  temperatures.  At  the  same  time  it  has 
yielded  little  in  the  way  of  practical  solutions  to  the  brittleness  problem.  Work  to 
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improve  high-temperature  strength,  today,  ia  proceeding  with  hardly  ai..y  regard  for 
mechanistic  concepts  of  the  underlying  defect  structure. 

Part  of  the  difficulty  stems  from  a  peculiar  lack  of  communication  between  the 
technologist  and  the  basic  researcher.  The  applied  metallurgist  frequently  ii  not  aware 
of  the  implications  of  new  structural  concepts;  the  theoretician  is  out  of  touch  with  prac¬ 
tical  problems.  Another  difficulty  is  that  the  defect  theory  has  been  in  flux,  and  such 
advice  as  might  be  available  for  practical  application  is  conflicting  and  of  little  direct 
aid.  Finally,  the  methods  of  controlling  and  manipulating  the  new  elements  of  structure 
through  alloying  and  thermal  and  mechanical  treatment  must  be  devised  before  advanced 
concepts  of  structure  can  be  effectively  exploited. 
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